The herpes simplex virus 1 US3 regulates phospholipid synthesis  by Wild, Peter et al.
Virology 432 (2012) 353–360Contents lists available at SciVerse ScienceDirectVirology0042-68
http://d
n Corr
Wintert
E-m
1 Cu
Visceraljournal homepage: www.elsevier.com/locate/yviroThe herpes simplex virus 1 US3 regulates phospholipid synthesisPeter Wild a,b,n, Anna Paula de Oliveira b, Sabrina Sonda c,1, Elisabeth M. Schraner a,b,
Mathias Ackermann b, Kurt Tobler b
a Institute of Veterinary Anatomy, University of Zu¨rich, Switzerland
b Institute of Virology, University of Zu¨rich, Switzerland
c Institute for Parasitology, University of Zu¨rich, Switzerlanda r t i c l e i n f o
Article history:
Received 23 April 2012
Returned to author for revisions
7 May 2012
Accepted 12 June 2012
Available online 11 July 2012
Keywords:
Herpes virus
Nuclear membranes
Golgi membranes
Phospholipid synthesis
[3H]-choline
TEM
Morphometry22/$ - see front matter & 2012 Elsevier Inc. A
x.doi.org/10.1016/j.virol.2012.06.020
esponding author at: Institute of Virology,
hurerstrasse 266a, Zu¨rich CH-8057, Switzerla
ail address: pewild@access.uzh.ch (P. Wild).
rrent address: Swiss Hepato-Pancreato-Bil
and Transplantation Surgery, University Hosa b s t r a c t
Herpes simplex virus type 1 capsids bud at nuclear and Golgi membranes for envelopment by
phospholipid bilayers. In the absence of US3, nuclear membranes form multiple folds harboring virions
that suggests disturbance in membrane turnover. Therefore, we investigated phospholipid metabolism
in cells infected with the US3 deletion mutant R7041(DUS3), and quantiﬁed membranes involved in
viral envelopment. We report that (i) [3H]-choline incorporation into nuclear membranes and
cytoplasmic membranes was enhanced peaking at 12 or 20 h post inoculation with wild type HSV-1
and R7041(DUS3), respectively, (ii) the surface area of nuclear membranes increased until 24 h of
R7041(DUS3) infection forming folds that equaled 45% of the nuclear surface, (iii) the surface area of
viral envelopes between nuclear membranes equaled 2400 R7041(DUS3) virions per cell, and (iv)
during R7041(DUS3) infection, the Golgi complex expanded dramatically. The data indicate that US3
plays a signiﬁcant role in regulation of membrane biosynthesis.
& 2012 Elsevier Inc. All rights reserved.Introduction
Capsids of herpes viruses are formed in replication centers
(RCs) (Quinlan et al., 1984) in host cell nuclei and transported to
the nuclear periphery where they bud at the inner nuclear
membrane (INM) acquiring the tegument and the envelope
(Roizman and Knipe, 2001). The result is a fully enveloped virion
located in the perinuclear space (PNS). Translocation of virus
particles out of the PNS is assumed to be accomplished via fusion
of the viral envelope with the outer nuclear membrane (ONM)
releasing capsid and tegument into the cytoplasmic matrix, via
vesicle formation or via intraluminal transportation through
cisternae of the rough endoplasmic reticulum (RER) (Roizman
et al., 2007). Alternatively, capsids of pseudo rabies virus (PrV)
(Klupp et al., 2011) and of simian agent 8 (Borchers and Oezel,
1993) also may overcome the nucleocytoplasmic barrier after
impairment of nuclear membranes. Impairment of the nuclear
envelope is considered likely to occur at nuclear pores in cells
infected with herpes simplex virus 1 (HSV-1) (Leuzinger et al.,
2005; Wild et al., 2009) and bovine herpes virus 1 (BoHV-1) (Wildll rights reserved.
nd. Fax: þ41 1 635 89 11.
iary Center, Department of
pital, Zu¨rich.et al., 2005) so that capsids can gain direct access to the
cytoplasmic matrix (Roizman et al., 2007). In the cytoplasm, capsids
bud at membranes of the trans Golgi network (Mettenleiter, 2004;
Mettenleiter et al., 2006) or at membranes of vacuoles (Homman-
Loudiyi et al., 2003; Stannard et al., 1996) or at any site of the Golgi
complex (Leuzinger et al., 2005; Wild et al., 2002) or at the RER
(Leuzinger et al., 2005).
The Us3 gene encodes a protein kinase present in HSV-1 infected
cells (Purves et al., 1987). The HSV-1 US3 protein kinase blocks
apoptosis (Benetti et al., 2003; Galvan and Roizman, 1998; Jerome
et al., 1999; Leopardi et al., 1997; Munger et al., 2001; Munger and
Roizman, 2001; Ogg et al., 2004) and enables translocation of virus
particles from the nucleus to the cytoplasm associated with
phosphorylation and distribution of the viral proteins UL31 and
UL34 on the nuclear rim (Poon et al., 2006; Reynolds et al., 2004,
2001, 2002). In cells infected with US3 deletion mutants (HSV-
1DUS3), nuclear membranes form folds and invaginations contain-
ing large numbers of virions (Poon et al., 2006; Reynolds et al.,
2002). Translocation of HSV-1DUS3 virus particles out of these
invaginations cannot be accomplished because glycoprotein B (gB),
which is involved in fusion of the viral envelope with the ONM, is
not phosphorylated (Wisner et al., 2009).
The viral envelope derives from cell membranes. It consists of
a phospholipid bilayer and viral glycoproteins that are inserted
during the process of budding (Roizman et al., 2007). Phospholi-
pids have been shown to be newly synthesized for viral envelope
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PrV (Ben-Porat and Kaplan, 1971) infected cells. Folding of
nuclear membranes and accumulation of HSV-1DUS3 virions
between nuclear membranes (Poon et al., 2006; Reynolds et al.,
2002) raise the question of US3 function in phospholipid meta-
bolism. Therefore, we investigated [3H]-choline incorporation into
cell membranes in Vero cells infected with the US3 deletion
mutant R7041(DUS3) (Purves et al., 1987). We show that [3H]-
choline incorporation into lipids of both the nuclear and cyto-
plasmic fraction is dramatically increased suggesting enhance-
ment of de novo phospholipid synthesis, which led to considerable
enlargement of nuclear and cytoplasmic membranes compared to
wild type (wt) HSV-1 infection. The data indicate that US3 is
involved in down-regulation of phospholipid biosynthesis
induced by HSV-1.Results
Incorporation of [3H]-choline into both nuclear and cytoplasmic
membranes is enhanced after R7041(DUS3) infection
Cells infected with the well characterized deletion mutant
R7041(DUS3) (Poon et al., 2006; Purves et al., 1987, 1991)
typically showed folds of nuclear membranes associated with
accumulation of virions that derive by budding at the INM (Fig. 1).
Phospholipids needed for envelopment and folding of membranes
are assumed to be supplied by de novo synthesis. Therefore,
we exposed cells to [3H]-choline for 4 h prior to harvesting,
isolated nuclei and extracted lipids from the nuclear and cyto-
plasmic fraction. As shown in Fig. 2, isolated nuclei are sur-
rounded by the INM, the ONM and associated virions as well as
some additional cytoplasmic membranes whereas the cytoplasmic
fraction consisted of membranes. Concentration of virus conﬁrmed
that the majority of virus particles were in the nuclear fraction,
including capsids and enveloped virions. However, most of the viral
envelopes seem to have disrupted during the concentration
procedure.
Scintillation counting revealed signiﬁcantly higher numbers of
disintegrations per minutes (DPMs) in the nuclear fraction at 9, 12,
16 and 20 hpi with wt HSV-1 or the repair mutant R2641 compared
to mock infection. After infection with R7041(DUS3), DPMs were
even signiﬁcantly higher compared to wt HSV-1 or R2641 at 12, 16,
20 and 24 hpi, peaking at 20 hpi (Fig. 3A). In contrast to the nuclear
fraction, DPMs in the cytoplasmic fraction of virus infected cellsFig. 1. TEM image taken from a section through a nucleus 20 hpi with
R7041(DUS3) showing multiple folds and invaginations of the INM (i) associated
with accumulation of virions (v), numerous capsids (c) distributed throughout the
nuclear matrix, and replication centers (r). Bar, 1 mm.were signiﬁcantly higher only at 12, 16 and 20 hpi compared to
mock infection (Fig. 3B). DPMs in the R7041(DUS3) cytoplasmic
fraction was only signiﬁcantly higher at 16 and 20 hpi compared to
wt HSV-1 or R2641, peaking also at 20 hpi. Interestingly, DPMs in
the cytoplasmic fraction 24 hpi with any virus were substantially
lower compared to mock infection. The data suggest that (i) [3H]-
choline was incorporated into membrane phospholipids of the
cytoplasmic fraction as well as into membrane phospholipids of
the nuclear fraction of HSV-1 infected cells at a signiﬁcantly
higher level than into that of mock infected cells, (ii) [3H]-choline
incorporation was dramatically enhanced upon R7041(DUS3)
infection, (iii) [3H]-choline incorporation into membrane phos-
pholipids ceases after 20 h of inoculation with wt HSV-1, and (iv)
[3H]-choline incorporation into nuclear membranes proceeds in
R0741(DUS3) infection until 24 hpi although at a lower level.
Nuclei expand during HSV-1 and R7041(DUS3) infection
Phospholipids are needed for maintenance of membrane integ-
rity in expanding nuclei, for formation of membrane folds and for
envelopment of virions in the course of capsid budding. Nuclei were
shown to expand upon HSV-1 infection as deduced from calcula-
tions of data obtained in 2 dimensional images (Monier et al., 2000;
Simpson-Holley et al., 2005). The shape of nuclei of Vero cells
grown as monolayer is a triaxial ellipsoid. Therefore, we determined
nuclear size of R7041(DUS3) and HSV-1 infected Vero cells by
calculation of volume and surface area on the basis of the half axes
a, b, and c measured on confocal images. As shown in Fig. 4A, the
mean nuclear volume in wt HSV-1 infection was 390 mm3 larger
at 9 hpi compared to mock infection, and 185 mm3 larger at
20 hpi compared to 9 hpi. After R7041(DUS3) infection, nuclear
volumewas similar as in wt HSV-1 infected cells at 9 and 24 hpi but
somewhat smaller at 12, 16 and 20 hpi. Nuclear surface area, also
calculated on the basis of the half axes, increased accordingly to
nuclear expansion (Fig. 4B). At 9 hpi, the mean nuclear surface was
185 mm2 larger in R7041(DUS3) and wt HSV-1 infected cells
compared to mock infected cells, but only 60 mm2 larger at
24 hpi compared to 9 hpi. The data indicate that nuclei expand
substantially early in infection and continue to expand at a much
slower rate as infection proceeds, and that progress of nuclear
expansion is somewhat slower in R7041(DUS3) infection than in wt
HSV-1 infection. Therefore, we conclude that phospholipids are
needed for membrane maintenance in expanding nuclei in large
amounts especially during the ﬁrst 9 h of infection and that the
large incorporation of [3H]-choline later in infection is needed for
something else.
Nuclear membranes form multiple folds and invaginations
The nuclear membrane was shown to form invaginations in
which virions accumulate upon infection with US3 deletion
mutants (Mou et al., 2009; Poon et al., 2006; Reynolds et al.,
2002; Wisner et al., 2009). In order to determine the amount of
membranes involved in folding of membranes, we calculated
the surface area of folds per mean nuclear volume on the basis
of data obtained by morphometric analysis of electron micro-
scopic images taken at random. The surface area of folds turned
out to be 90 (736) mm2 per mean nuclear volume of 927
(7387) mm3 and mean nuclear surface area of 529 (766) mm2
at 9 hpi in R7041(DUS3) infected cells. It increased to 240
(728) mm2 per mean nuclear volume of 983 (7200) mm3 and
mean nuclear surface area of 546 (761) mm2 at 24 hpi (Fig. 5). In
wt HSV-1 infection, the surface area of folds was only 26
(756) mm2 and 43 (7125) mm2 at 20 and 24 hpi, respectively.
Therefore, we conclude that US3 is involved in regulation of
membrane biosynthesis.
Fig. 2. TEM control of nuclear and cytoplasmic fraction. (A) Section through an isolated R7041(DUS3) infected nucleus with multiple folds and invaginations of the INM
(i) associated with virions (v), impaired ONM (o), a few capsids (c) and replication centers (r). (B) Cytoplasmic fraction consisting merely of cell membranes as revealed by
negative staining with Na-phosphotungstic acid. (C) Negatively stained virus isolates from the nuclear fraction with 1600 virus particles (c) per mesh, and (D) from the
cytoplasmic fraction with 34 virus particles per mesh. Bars, 500 nm.
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Virions of US3 deletion mutants accumulate in invaginations of
nuclear membranes (Mou et al., 2009; Poon et al., 2006; Reynolds
et al., 2002; Wisner et al., 2009) as shown for R7041(DUS3) virions
in Fig. 1. To quantify the total amount of membranes of the
envelope of these virions, we determined the total envelope
surface area by morphometric analysis on electron microscopic
images taken at random. Calculation in relation to the mean
nuclear volume revealed that the total envelope surface area of
these virions was 56 (785) mm2 at 9 hpi but 300 (730) mm2 at
24 hpi with R7041(DUS3). In contrast, the total envelope surface
area was only 23 (747) mm2 at 20 hpi and 65 (783) mm2 at
24 hpi with wt HSV-1. We conclude that [3H]-choline incorpora-
tion were used for phospholipids synthesis to provide membranes
needed for envelopment of R7041(DUS3) capsids by budding at
the INM as has been shown recently also for wt HSV-1 capsids
(Sutter et al., 2012).
The Golgi complex disassembles and expands during R7041(DUS3)
infection
HSV-1 capsids can bud at membranes of the trans Golgi
network acquiring the envelope and tegument and concomitantly
become enclosed in a transport vacuole, a process referred to as
wrapping (Mettenleiter, 2002, 2004; Mettenleiter et al., 2006).
Capsids were also shown to bud at membranes of any site of the
Golgi complex (Leuzinger et al., 2005; Wild et al., 2002) or at
membranes of Golgi derived vacuoles (Homman-Loudiyi et al.,
2003; Leuzinger et al., 2005). The result of wrapping is a small
concentric vacuole ﬁlled by a single virion (Fig. 6A, B and D) as
described in detail (Wild et al., 2002). Large vacuoles were shown
to detach from lateral cisternae (Wild et al., 2002) and bear one or
several virions (Fig. 6B–D). Disturbance in wrapping leads tomalformed virions (Fig. 6D). R7041(DUS3) virions were rarely found
in vacuoles derived fromwrapping or in larger vacuoles (Fig. 6A and
C). Instead, Golgi ﬁelds appeared as multiple stacks comprising
thick electron dense membranes. Cisternae of small stacks were
also found to be dilated to vacuole-like structures occasionally
containing virions. The high radioactivity detected in the cytoplas-
mic fraction prompted us to quantify Golgi size (Fig. 7A). The
surface area of Golgi membranes including membranes of wt HSV-
1virion bearing vacuoles calculated per mean cell volume was
approximately twice as high as in wt HSV-1 and R7041(DUS3)
infected cells compared to mock infected cells 9 to 16 hpi. At 20 and
24 hpi, the Golgi surface area in wt HSV-1 and mock infected cells
were similar, that in R7041(DUS3) infected cells, however, approxi-
mately by a factor of 2.5 larger. These data suggest that in the
absence of US3 [
3H]-choline was incorporated into newly synthe-
sized phospholipids used for building of Golgi membranes.
Cell volume increases during wt HSV-1 and R7041(DUS3) infection
Recently, we showed that cell volume had increase at 9 to
12 hpi with wt HSV-1 infection (Sutter et al., 2012). Here, we
conﬁrm increment in cell volume peaking at 12 hpi but to a less
extent as reported (Fig. 7B). The data obtained for mock infected
cell in this study are in average about 15% lower. Whether the
present data represent underestimation or the previous data
overestimation is difﬁcult to prove. Possibly, the true values are
somewhere in between. Nevertheless, the cell volume tended to
be lower 20 and 24 hpi with wt HSV-1 whereas it remained at the
same level as at 12 hpi with R7041(DUS3). Enlargement of cell
volume by 1100 mm3 as measured at 12 hpi equals an enlarge-
ment of the cell surface area by 650 mm2. Hence, phospholipids
are required for maintaining plasma membrane integrity during
both wt HSV-1 and R7041(DUS3) infection provided that number
and size of microvilli are not reduced.
Fig. 3. Means and standard deviations of disintegrations per minutes (DPMs)
obtained from the nuclear fraction (A) and the cytoplasmic fraction (B) 9, 12, 16,
20 and 24 hpi with wt HSV-1, R7041(DUS3), repair mutant R2641 or after mock
infection. Level of signiﬁcance compared to mock infected cells is indicated by a
(po0.05), a0 (po0.01), a00 (po0.001). Level of signiﬁcance between R7041(DUS3)
and wt HSV-1 or R2641 is indicated by b (po0.05), b0 (po0.01), b00 (po0.001);
n¼4. DPMs of the nuclear fraction of HSV-1 or R264 infected cells were higher at
9 to 20 hpi but lower or equal at 24 hpi compared to that of mock infected cells.
DPMs were equal in the cytoplasmic fraction at 9 hpi with wt HSV-1 or R2641
compared to mock but substantially lower at 24 hpi. DPMs after R7041(DUS3)
infection were much higher at 12 to 20 hpi compared to wt HSV-1 infection
peaking at 20 hpi in the nuclear fraction but at 16 hpi in the cytoplasmic fraction.
Fig. 4. Nuclear volume and nuclear surface area (mean and standard deviation)
calculated on the basis of the three axes a, b, and c measured on confocal images
were signiﬁcantly larger at any time after wt HSV-1 and R7041(DUS3) infection
compared to mock infected cells. Level of signiﬁcance compared to mock infected
cells is indicated by ***po0.001; n¼25.
Fig. 5. Surface area of nuclear membrane folds and envelope of associated virions
(mean and standard deviation) determined by morphometric analysis and
calculated per mean nuclear volume. Note that the high standard deviation is
due to random sampling that included nuclei with and without folds and virions.
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Membranes required for budding of capsids at the nuclear and
Golgi level either need to be recruited from membrane compart-
ments, which are not involved in envelopment, or supplied by de
novo synthesis. Cell membranes are bilayers composed of about
14 major phospholipids (van Meer et al., 2008). Two of them
contain choline. Choline is esteriﬁed to diacylglycerol forming
phosphatidylcholine, and to ceramide forming sphingomyelin.
Phosphatidylcholine is the most abundant phospholipid in eukar-
yotic cell membranes comprising 40% to 50% of the phospholipid
mass. It contributes 58% of the phospholipids to nuclear and
RER membranes, and 55% to Golgi membranes (Henneberry
et al., 2002; Zinser et al., 1991). Sphingomyelin is present on Golgi
membranes contributing 15% of the phospholipids (van Meer
et al., 2008). Therefore, [3H]-choline is an ideal compound for
studying phospholipid synthesis in HSV-1 infection.
HSV-1 has been shown to stimulate phospholipid synthesis
(Sutter et al., 2012) necessary to facilitate envelopment by
budding of capsids at the INM on a large scale (Wild et al.,
2009) and at Golgi membranes. Envelopment at the Golgi com-
plex is accomplished either by wrapping at the trans Golginetwork (Mettenleiter, 2004; Mettenleiter et al., 2006), or by
budding at any site of the Golgi complex (Leuzinger et al., 2005;
Wild et al., 2002) or at membranes of Golgi derived vacuoles
(Homman-Loudiyi et al., 2003; Leuzinger et al., 2005). Alterna-
tively, there is evidence that virions can be intraluminally
transported from the PNS into Golgi cisternae (Leuzinger et al.,
2005; Wild et al., 2002). Vacuoles containing virions disperse
towards the cell periphery where the vacuolar membrane may fuse
with the plasma membrane releasing virions into the extracellular
space. Plasma membrane constituents may be recycled back to the
Golgi complex (Orci et al., 1981) or to endosomes. Despite of
membrane recycling envelopment at the Golgi complex results in
a net loss of membranes. The high incorporation of [3H]-choline
peaking at 12 hpi with HSV-1 indicates that phospholipids synthesis
is enhanced early in infection whereas it ceases as infection
proceeds. In contrast, phospholipid synthesis is drastically enhanced
until 20 hpi with R7041(DUS3) suggesting that de novo synthesized
phospholipids were responsible for doubling of the Golgi membrane
Fig. 6. TEM images from the Golgi area in cryo-ﬁxed and freeze substituted cells 20 hpi. ((A) or (C)) In R7041(DUS3) infections, the Golgi complex formed distinct small
stacks (arrows), or small stacks (C) associated with vacuoles or dilated Golgi cisternae which rarely contain virions (vv). Capsids budding at Golgi membranes may
concomitantly form transport vacuoles (vw in (A)), a process referred to as wrapping (cw in (C)). The number of R7041(DUS3) capsids in the cytoplasm is low in contrast to
wt HSV-1 infection (B) where capsids bud at Golgi membranes (cw) resulting in small concentric vacuoles (vw) as described in detail (Wild et al., 2002). (D) The phenotype
of R2641 envelopment is similar to wt HSV-1. This image was taken to show that vacuoles can contain more than one virion (vv) suggesting another way of envelopment
than wrapping (Homman-Loudiyi et al., 2003; Leuzinger et al., 2005; Wild et al., 2002), and that envelopment may result in malformed virions (arrows). Bars, 500 nm.
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at the Golgi level is suggested to be markedly reduced because (i)
virions were retained in the PNS as discussed below, and (ii) there
are little indications for successful budding at Golgi membranes as
shown in Fig. 6 and veriﬁed by quantitative analysis (unpublished
data). The immense enlargement of Golgi membrane surface area
may thus be related to impaired envelopment. However, in wt HSV-
1 infection, we included the membranes of vacuoles containing wt
HSV-1 virions for determination Golgi membrane surface area.
Therefore, the difference in Golgi size cannot be explained by the
failure of R7041(DUS3) capsids envelopment alone indicating that
the enlargement of Golgi membrane surface area in the absence of
US3 is not or not only related to impaired envelopment but rather
due to a failure in regulation of phospholipid synthesis.
[3H]-choline was also incorporated into nuclear membranes
though generally to a slightly lower level than into cytoplasmic
membranes. In contrast to cytoplasmic membranes, [3H]-choline
incorporation into nuclear membranes was already apparent at
9 hpi with both wt HSV-1 and R7041(DUS3). Newly synthesized
phospholipids may have been required for maintaining mem-
brane integrity in the course of nuclear expansion starting early in
infection, to provide membranes for budding of capsids at the
INM, and for formation of membrane folds and invaginations.
The nuclear envelope is a double coat. Hence, enlargement of the
surface area by 185 mm2 at 9 hpi requires a total of 370 mm2 that
must have been supplied early in R7041(DUS3) infection. Only
slightly less has to be supplied in wt HSV-1 infection. The demand
for membranes increases as infection proceeds. Formation of
membrane folds required additional 240 mm2 per cell by 24 hpi
with R7041(DUS3). The membranes required for budding of
R7041(DUS3) capsids was estimated to equal 300 mm2 per cellby 24 hpi. Taken together, the total amounts of membranes being
produced during 24 h of R7041(DUS3) infection equals 910 mm2
per cell which is 2.6 times more than the nuclear surface of
mock infected cells. Assuming that the number of wt HSV-1
capsids budding at the INM during 24 h is similar to that of
R7041(DUS3), the total membrane area being produced would
equal 610 mm2 per cell or 1.8 times more than the nuclear
surface in mock infected cells. If these data are accurate the
question arises about the fate of the viral envelope inserted into
the ONM during de-envelopment of virions to release capsids into
the cytoplasmic matrix. As discussed earlier (Sutter et al., 2012)
the ONM would form folds unless membranes would be shifted
either to the INM or to the RER. Indeed, nuclear membranes
formed folds in R7041(DUS3) infected cells. However, these folds
are considered very unlikely to be caused by insertion of viral
envelopes during de-envelopment because the envelope of US3
deletion mutants is unable to fuse with the ONM (Mou et al.,
2009; Reynolds et al., 2001, 2002; Wisner et al., 2009) that results
in accumulation of virions in the PNS. Therefore, the membrane
folds are rather caused by over production of phospholipids
suggesting that US3 is involved in regulation of phospholipid
synthesis. The mechanism needs to be investigated. Possibly, US3
inﬂuences membrane assembly via phosphorylation of UL31 and
UL34, which plays a signiﬁcant role through interaction with
lamins in viral egress (Mou et al., 2008; Reynolds et al., 2004;
Simpson-Holley et al., 2004). Alternatively, US3 might interfere in
the biosynthetic pathway of phospholipids that are mainly synthe-
sized at the RER and the Golgi complex (Henneberry et al., 2002;
van Meer et al., 2008).
The surface area of the envelope of a virion with a diameter of
200 nm (Grunewald et al., 2003) is 0.125 mm2. The total surface
Fig. 7. Mean and standard deviation of the surface area of Golgi membranes
(A) calculated per mean cell volume (B) as describe in material and methods. Level
of signiﬁcance compared to mock infected cells is indicated by a0 (po0.05), a00
(po0.01), a000 (po0.001). Level of signiﬁcance between R7041(DUS3) and wt HSV-
1 or R264 is indicated by b (po0.05), b0 (po0.01), b00 (po0.001); n¼5.
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300 mm2 equalling 2400 virions present in a single cell around the
nucleus with a mean volume of 1000 mm3 and 550 mm2
surface area. Volume and surface area were calculated on the
basis of the means of the 3 axes (a b, c) of the ovoid-shaped
nucleus measured to be 9, 7, and 3.9 mm. In a single image (Fig. 1)
taken from a section cut perpendicular to the c-axis 150 virions
are present. If the entire nucleus is serially sectioned in distances
of 200 nm, like the viral diameter, 20 sections will be produced.
Assuming that the average number of virions is 150 per section,
the total number would be 3000 virions. Therefore, the number of
virions calculated on the basis of the surface area of the viral
envelopes seems to be fairly appropriate. This high number of
virions conﬁrms the idea that folds of nuclear membranes are
rather unlikely to be caused by fusion of the viral envelope with
the ONM. It also implies that the budding process at the INM
takes place at a large scale in the absence of US3.
In conclusion, labeling of phospholipid precursors in combina-
tion with morphometric analysis provided clear evidence that
HSV-1 induces phospholipid synthesis for maintaining membrane
integrity of expanding nuclei early in infection, to provide
membranes for capsid envelopment at the nuclear level as shown
in detail recently (Sutter et al., 2012), and to provide membranes
for envelopment and vacuole formation by the Golgi complex. The
overproduction of both nuclear and Golgi membranes in
R7041(DUS3) infected cells suggests that US3 plays a signiﬁcant
role in down-regulation of membrane biosynthesis. The accumu-
lation of virions within the PNS proved that translocation of
capsids into the cytoplasm is impaired raising the question how
and where R7041(DUS3) virions become infective. Further studies
are needed to clarify regulation and mechanisms of phospholipidsynthesis during HSV-1 infection, and to clarify the signiﬁcance of
US3 on the functionality of the Golgi complex.Material and methods
Cells and viruses
Vero cells (European Collection of Cell Cultures) were grown in
Dulbecco’s modiﬁed minimal essential medium (DMEM; Gibco,
Bethesda, MD) supplemented with penicillin (100 U/ml), strepto-
mycin (100 mg/ml) and 10% fetal calf serum (FCS; Gibco). The US3
deletion mutant R7041(DUS3) and its repair mutant R2641 were
kindly provided by B. Roizman, University of Chicago, IL, USA.
Wild-type HSV-1 strain F, R7041(DUS3) and R2641 were propa-
gated in Vero cells.
Infection of cells
Vero cells grown for 2 day were inoculated with R7041(DUS3),
wt HSV-1 or the repair mutant R2641 at a multiplicity of infection
(MOI) of 5 PFU per cell, and kept at 37 1C for 1 h to allow
adsorption prior to incubation at 37 1C for 9, 12, 16, 20 or 24 h.
[3H]-choline incorporation
Cells were grown in 75 cm2 tissue culture ﬂasks for 48 h prior
to inoculation with virus in low choline content (1 mg/l) Eagle’s
minimal essential medium (EMEM; Bioconcept, Allschwil, Swit-
zerland). For assessment of [3H]-choline incorporation into cyto-
plasmic and nuclear membranes, medium was replaced by 4 ml
medium containing 1 mCi/ml [3H]-choline (PerkinElmers, Wal-
tham, MA, USA) 4 h prior to harvesting. Cells were harvested
using trypsin at 9, 12, 16, 20 or 24 hpi for lipid extraction from
both the nuclear and cytoplasmic fraction to determine [3H]-
choline concentration by scintillation counting. 25 ml aliquots
were removed to determine the actual cell number for normal-
ization of counts.
Separation of nuclear and cytoplasmic fractions
Cells grown 75 cm2 tissue culture ﬂasks were detached using
trypsin and collected in 10 ml medium. Nuclei were isolated in ice-
cold solutions using digitonin to enhance fractionation according to
Bronfmanet al. (1998). Cells were centrifuged at 200 g for 10 min,
resuspended in 1.5 ml PBS, transferred to Eppendorf tubes, and
centrifuged in a mini spin Eppendorf centrifuge operated at max-
imal speed (10,000 g) for 30 s. The pellet was resuspended in 600 ml
buffer A (0.25 M sucrose and 3 mM imidazole, pH 7.4) containing
1 mg/ml digitonin, and immediately centrifuged at maximal speed
for 30 s. The pellet was again resuspended in 600 ml buffer A and
transferred to a Dounce homogenizer. After 6 passes, the suspen-
sion was transferred into Eppendorf tubes and centrifuged at
maximal speed for 30 s. The supernatant containing the cytoplas-
mic fraction was used for lipid extraction. The pellet containing the
nuclear fraction was resuspended in 600 ml H2O for lipid extraction.
10 ml aliquots were used to test by phase contrast microscopy
whether separation of nuclei was successful.
To assess the presence of nuclear membranes and the quality
of the isolation procedure, the nuclear fraction was controlled by
electron microscopy (Fig. 2A) employing a conventional ﬁxation
protocol including ﬁxation with 2.5% glutaraldehyde in 0.1 M
Na–K phosphate, pH 7.4, at 4 1C for 1 h followed by postﬁxation
with 1% osmium tetroxide in 0.1 M Na/K-phosphate, pH 7.4, at
4 1C, dehydration in a graded series of ethanol followed by
2 changes in acetone, and embedded in Epon followed by
P. Wild et al. / Virology 432 (2012) 353–360 359polymerization at 60 1C for 2.5 day. Sections of 50 to 60 nm
thickness were stained with uranyl acetate and lead citrate, and
analyzed in a transmission electron microscope (CM12; Philips,
Eindhoven, The Netherlands) equipped with a slow-scan CCD
camera (Gatan, Pleasanton, CA, USA) at an acceleration voltage of
100 kV. To control the cytoplasmic fraction, 10 ml aliquots were
used for negative staining with Na-phosphotungstic acid, pH 7.0, for
1 min after adsorption for 10 min to carbon coated parlodion ﬁlms
mounted on 300 mesh/inch copper grids, as described (Wild, 2008),
and examined in a Philips CM12 electron microscope. To determine
the approximate number of viral particles present in the nuclear
fraction and cytoplasmic fraction, respectively, we isolated the virus
particles from the two fractions by low speed centrifugation
(10,000 g for 30 min) followed by centrifugation at 100,000 g for
2 h. The pellet was resolved in 50 ml PBS. 10 ml aliquots were used
for negative staining with Na-phosphotungstic acid as described
(Wild, 2008).
Lipid extraction for determination of radioactivity
Lipids were extracted at room temperature according to the
procedure described by Bligh and Dyer (Bligh, 1959). 500 ml
chloroform and 1 ml methanol were added to 300 ml of suspen-
sions (nuclear fraction or cytoplasmic fraction) in glass tubes,
vortexed 4 times within 10 min, and kept at room temperature
for at least 30 min. After adding 500 ml chloroform and vortexing
for 1 min, 500 ml of distilled water was added, the sample
vortexed again for 1 min, and then centrifuged at 800 g for
10 min to separate the lipid containing solvent phase from the
aqueous phase. The solvent phase was collected in Eppendorf tubes
that were placed on a warm plate (40 1C) in a safety hood for
evaporation of the solvent. Then, lipids were dissolved in 50 ml
chloroform/methanol (4:1) immediately prior to using 5 ml aliquots
for scintillation counting (LS 6500, Beckman Coulter, Fullerton, CA,
USA) according to the recommendation of the manufacturer.
Cryo-ﬁxation for transmission electron microscopy
Cells grown on sapphire disks placed in 6-well-plates were
frozen in a high-pressure freezing unit (HPM010; BAL-TEC Inc.,
Balzers, Liechtenstein) as described in detail (Wild et al., 2002).
The samples were then transferred to a freeze-substitution unit
(FS 7500; Boeckeler Instruments, Tucson, Arizona) precooled
to 88 1C for substitution with acetone and subsequent ﬁxation
with 0.25% glutaraldehyde and 0.5% osmium tetroxide rising the
temperatures gradually to þ2 1C to achieve good contrast of
membranes (Wild et al., 2001), and embedded in Epon at 4 1C
followed by polymerization at 60 1C for 2.5 day. Sections of 50 to
60 nm thickness were stained with uranyl acetate and lead
citrate, and analyzed by TEM at an acceleration voltage of 100 kV.
Confocal microscopy
Cells grown on cover slips were brieﬂy washed with PBS prior to
ﬁxation with 2% formaldehyde for 25 min at room temperature,
washed with cold PBS and kept at 4 1C until further processing.
Then, cells were permeabilized with 0.1% Triton-X-100 at room
temperature for 7 min and blocked with 3% bovine serum albumin
in phosphate-buffered saline (PBS) containing 0.05% Tween 20
(PBST). To ascertain infectivity, cells were labeled with antibodies
against the tegument protein VP16 (gift from B. Roizman), and anti
rabbit Alexa 594 (Life Technologies) as secondary antibodies. After
staining the nuclei with 40,6-Diamidino-2-phenylindol (DAPI;
Roche, Mannheim, Germany) cells were embedded in glycergel
mounting media (Dako North America, Carpinteria, CA, USA) and
25 mg/ml DABCO (1,4-diazabicyclo [2.2.2] octane; Fluka, Buchs,Switzerland). For calculation of nuclear size cells images were taken
using a confocal laser scanning microscope (SP2, Leica, Wetzlar,
Germany).Morphometric analysis
Nuclei of Vero cells are triaxial ellipsoids. Therefore, mean
nuclear volume (Vn) and mean nuclear surface area (Sn) were
calculated on the basis of the half axes (a, b, c) measured on 25
deconvolved confocal DAPI stained images according to the equa-
tions:
V ¼ 4
3
pabc and S¼ 2pc2þ2pab
Z 1
0
1u2v2x2ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1u2x2
p ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1v2x2
p dx,
where by
u¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
a2c2
p
a
and v¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
b2c2
p
b
:
On the basis of the absolute mean nuclear volume, the
absolute mean cell volume can be evaluated by electron micro-
scopic morphometric analysis of thin sections. For this, 20 images
were sampled at random per experiment on cryo-ﬁxed cells of
5 independent experiments at a ﬁnal magniﬁcation of 6300 .
From these images nuclear density (Vvn) and cytoplasmic density
(Vvcy) were estimated applying the point counting method
(Weibel, 1979) according to the equations Vvn¼Pn/(PnþPcy) and
Vvcy¼Pcy/(PnþPcy), whereby Pn are points hitting the nucleus, and
Pcy are points hitting the cytoplasm. On the basis of the absolute
nuclear volume obtained from confocal images, the absolute
mean cell volume (Vc) was calculated as Vc¼Vn/Vvn.
To determine changes in the size of membrane compartments
including INM, ONM, viral envelope, Golgi complex and vacuoles
images were collected at a ﬁnal magniﬁcation of 87’500 . On
these images the surface density of folds of the INM (Svi) the ONM
(Svo) and the envelope of virions (e) in the PNS (Sve) were
estimated using the equations Svi,o,e¼4Ii,o,e/d Pn, whereby Ii,o,e
are the number of intersections of the test lines d with the INM,
ONM and viral envelope, respectively. From the surface density,
the area of membrane folds and viral envelope were calculated
per mean nuclear volume: Si,¼SviVn, So,¼SvoVn and Se,¼
SveVn. Similarly, the surface density of the Golgi complex (Svg)
was determined on images taken at random at a ﬁnal magniﬁca-
tion of 115,000 from 5 experiments applying the equation Svg¼ Ig/
d Pcy, whereby Ig are intersections of the test lines with Golgi
membranes, and Pcy are points hitting the cytoplasm. The mean
surface area of the Golgi complex (Sg) was calculated per mean
cell volume using the equation Sg¼SvgVvcyVc.Statistical analysis
Mean and standard deviation of [3H]-uptake and of morpho-
metric data were calculated and compared by a multiple t test
using GraphPad Prism 3.Acknowledgments
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